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ABSTRACT
The goal of my thesis was to investigate the relationships between mosquito
diversity, Aedes aegptyi populations, and socioeconomic factors (SEF) in an urban setting
and to characterize the virome of Ae. aegypti in San Juan, Puerto Rico. Mosquitoes were
collected in three periods during late 2018 and early 2019 and were identified to the
species level. Socioeconomic factors were measured using foot surveys and U.S. Census
data. Some Ae. aegypti females were processed for sequencing and sent to Quick Biology
for RNA sequencing to identify viruses. Results showed a link between SEF and Ae.
aegypti abundance as well as between SEF and mosquito diversity measures. Lower
socioeconomic neighborhoods had both more Ae. aegypti and more diverse communities
indicating that control efforts should be focused in these areas. Virome structure was
characterized as a basis for further study on insect-specific viruses.

Keywords: Aedes aegypti, socioeconomics, urban, mosquito diversity, arbovirus, virome
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CHAPTER I Introduction
1.1 Significance of study
Mosquitoes transmit over 122 pathogens that infect humans and cause disease,
making them extremely important animals in terms of human health (Yee, unpublished
data). Examples of such pathogens include malaria, dengue virus, West Nile Virus,
filarial worms, and yellow fever virus. The yellow fever mosquito, Aedes aegypti, vectors
several tropical viruses of medical importance including dengue, Zika, and chikungunya
(Clements, 2012). This species is highly invasive, has spread from its native Africa to the
Americas, Asia, and Australia, and is an urban-adapted species (Clements, 2012). These
characteristics combine to make Ae. aegypti populations a threat to human health and
well-being on a global scale.
Understanding the drivers of Ae. aegypti populations has the potential to provide
insight into the control and management of arboviruses in urban centers around the
world. This species thrives in urban settings, which present a complex landscape in terms
of ecological factors. A thorough analysis, including landscape variables, human-related
data, and mosquito diversity, will provide an in-depth view of how and why Ae. aegypti
populations vary across San Juan, Puerto Rico. The details of these populations’
dynamics can be applied to control plans to increase fine-tuning and efficiency in
resource use to improve public health and quality of life. Moreover, as this mosquito is
widespread and tropical cities share many features, results may be able to be applied in
other Caribbean and Central American cities outside of Puerto Rico. Insect-specific
viruses (ISVs) are a new topic of scientific investigation and therefore research in this
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area has the potential to yield results with applications in vaccine creation and diagnostic
techniques for arboviruses (Bolling et. al., 2015) and in mosquito control.
1.2 Study organism
Mosquitoes belong to the family Culicidae in the order Diptera. These insects possess
two wings as adults, have aquatic larval and pupal life stages, and females who require a
blood meal to produce viable eggs. Due to this behavior, female mosquitoes act as pests
and vectors for numerous pathogens that lead to disease in humans and other vertebrates
(Clements, 2012). Mosquitoes are found on all continents with the exclusion of
Antarctica.
Female mosquitoes lay eggs in a variety of habitats, with oviposition choices staying
relatively consistent throughout genera. For instance, Aedes species generally lay single
eggs in small containers whereas Culex species tend to lay egg rafts on the surface of
open water (Clements, 2012). Some species of mosquito are considered urban-adapted
and thrive in areas with high human population density. One such species, Ae. aegypti, is
found on the island of Puerto Rico and will be the focus of my thesis due to its status as a
major vector on the island.
Aedes aegypti, commonly referred to as the yellow fever mosquito, is native to subSaharan Africa and is highly invasive throughout the world. This species has been present
in Puerto Rico since the 1930s (Tulloch, 1937), but it likely invaded decades or centuries
before this (Tabachnick, 1991). Although this species readily lays eggs in artificial
containers, it has also been observed reproducing in natural habitats in Puerto Rico,
demonstrating the species’ adaptive flexibility outside its native Africa (Powell, 2013).
Water meters, trash, water barrels, plant pot saucers, plastic pools, trash cans and water
2

tanks have all been found to be artificial habitats used by the immature forms of Ae.
aegypti in Puerto Rico (Barrera et. al., 2018). Females of this species feed preferentially
on mammalian blood primarily at dawn and dusk, though they can be active during the
day (Clements, 2012). Multiple feedings, often on different individuals, within a single
gonotrophic cycle are common (Scott et. al., 2000), a factor that increases the likelihood
of spreading pathogens.
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CHAPTER II Mosquito biodiversity and landscape heterogeneity effects on Aedes
aegypti abundance in San Juan, Puerto Rico
2.1 Introduction
Both biotic and abiotic factors combine to explain the distribution of species on a
global scale. At a large scale, abiotic factors, such as elevation and latitude, play an
important role in explaining the distribution of species (Pavoine & Bonsall, 2011;
Bertuzzo et. al., 2016). Evolutionary processes, like genetic drift and colonization, and
biological interactions, such as competition, come into play at smaller scales (Pavoine &
Bonsall, 2011). Species distribution patterns in cities are affected by these same variables
in addition to others that are unique to urban landscapes, such as time since urbanization,
urban patch area, isolation from source populations, pollution, and surrounding land use
types (Jones & Leather, 2012). Intermediate urbanization has been shown to support the
highest diversity across a number of taxa (e.g., birds, butterflies, plants) (Blair, 1999;
McKinney, 2008).
About 55% of the world’s population currently lives in urban centers, a figure that
is projected to increase to 68% by the year 2050 (United Nations, 2018). As cities grow
and expand into natural areas, understanding ecological questions, such as species
distribution patterns, becomes increasing important for human quality of life, the
conservation of biodiversity, and the understanding of biological process. In the case of
mosquitoes, knowledge of the distribution patterns of vector species in cities will allow
managers to better use resources to target key areas of mosquito production and reduce
the risk of vector-borne disease.
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Several insect families have been studied within an urban context. Species
richness in native bees, butterflies, carabid beetles, and elaterid beetles is inversely
correlated to urbanization (Jones & Leather, 2012). Mosquito diversity shows a similar
pattern, with diversity measures increasing with distance from city center (Cox et. al.,
2007; Johnston et. al., 2014; Ferraguti et. al., 2016; Wise de Valdez et. al, 2017).
Additionally, a study in Chicago showed more heterogenous urban habitats supported
higher mosquito diversity (Chaves et. al., 2011).
Vector species abundance has been shown to be inversely correlated to mosquito
biodiversity in Thailand (Thongsripong et. al., 2013) and the USA (Chaves et. al., 2011).
In many cases, low diversity corresponds to areas with high levels of urbanization
measured as human population or other classical measures (Thongsripong et. al., 2013;
Ferraguti et. al., 2016). Vector abundance studies have also taken socio-economic factors
(SEF), such as income and education level, into account when analyzing their distribution
(Keating et. al., 2003; Little et. al., 2017). Little et. al. (2017) found that more potential
oviposition containers and containers with larvae present were found in low socioeconomic status (SES) neighborhoods than in middle or high SES neighborhoods. One
study found a higher prevalence of disused containers (e.g., trash) in low SES
neighborhoods (Dowling et. al., 2013), a factor that likely leads to better mosquito habitat
as the containers are unmanaged. Additionally, Keating et. al. (2003) investigated welldrained versus undrained urban areas and found more suitable mosquito habitat in poorly
drained areas indicating poorly planned areas that frequently flood may be more prone to
produce large mosquito populations.

5

Figure 2.1 Map of sampling locations in San Juan, PR
Map of sampling locations around the San Juan Metropolitan area. CO-El Comendante, CA-Cataño, MP-Martin Peña, PN-Puerto
Nuevo, RP-Río Piedras, TO-Torrecilla, VM-Vistamar, VV-Villa Venecia.

This chapter aims to examine how mosquito diversity changes across a
heterogenous, urban landscape and to analyze the relationships among diversity,
community composition, and the abundance of Ae. aegypti in San Juan, Puerto Rico. I
hypothesize that diversity measures will vary across neighborhoods because of
differences in environmental and social factors, and that the combination of all three
factors will be correlated with the abundance of Ae. aegypti. I predict that species
richness, Shannon index of diversity, and community composition will vary among
neighborhoods and that these differences will be correlated with environmental (e.g.,
level of abandonment) and human metrics (e.g., median household income). I also predict
that diversity measures will be inversely related to Ae. aegypti abundance (e.g., higher
6

diversity of mosquitoes will lead to lower abundance of Ae. aegypti) given that diversity
measures (e.g. evenness) are lowered by high abundances of one species. Lastly, I predict
that low SES neighborhoods will have the highest Ae. aegypti abundance and lowest
diversity, whereas middle SES neighborhoods will have the highest diversity and lowest
Ae. aegypti abundance.
2.2 Materials & methods
2.2.1 Site selection
The island of Puerto Rico is part of the Greater Antilles archipelago located
between the Caribbean Sea and the North Atlantic Ocean. It is roughly 9,104 km² and has
a population of over three million people (U.S. Census Bureau, 2018). San Juan (18°27’
N, 66°05’ W), its capital and largest city, has a population of approximately 350,000
(U.S. Census Bureau, 2018). The San Juan Metropolitan Area has a subtropical, maritime
climate with the rainy season occurring in the summer and the fall. The elevation rises
and the level of urbanization falls moving south from the Atlantic Ocean. The
municipalities that make up the city present a mosaic of highly urbanized areas, wetlands,
urban forest fragments, and managed green spaces (Smith et. al., 2009). Sampling took
place in eight neighborhoods across three municipalities (San Juan, Cataño, and Carolina)
(Fig. 2.1). Neighborhoods were chosen to represent a gradient of SEF.

7

Table 2.1 Socio-economic variables by neighborhood in the San Juan area
Variable
# of
abandoned
homes
# of parks
# of
freshwater
bodies
# of litter
items
Human
population
density per
mi²
Proportion
unemploymen
t
Proportion
with college
education
Proportion
below poverty
No health
insurance
Median
household
income

CM
0.154

CA
0.769

MP
0.769

PN
0.461

RP
0.08

TO
0.538

VM
0.308

VV
0.308

0.308
0.077

0.000
0.231

0.308
0.385

0.000
0.000

0.167
0.000

0.077
0.000

0.154
0.153

0.000
0.000

40.7

22.46

41.53

20.84

5.08

19.4

15.3

4.07

954.8

1509

680.6

629

630

1433

1001

640.5

0.420
8

0.18

0.447
3

0.306

0.332
2

0.586

0.293

0.167

0.353
4

0.227

0.164
2

0.386

0.687
2

0.204

0.519

0.614

0.481

0.599

0.445

0.246

0.147

118

143

0.245
6
70.2

0.536

163.2

0.625
5
113.5

256

162

73

10,00
0

10,00
0

10,00
0

10,00
0

15,00
0

10,00
0

25,00
0

65,00
0

Number of abandoned homes, parks, freshwater bodies, and litter items are mean values calculated from foot surveys (n=103) in
October 2018, January 2019, and May 2019. The remainder of the variables are mean values calculated from the 2010 U.S. Census
tracts (n=21). CM-El Comendante, CA-Cataño, MP-Martin Peña, PN-Puerto Nuevo, RP-Río Piedras, TO-Torrecilla, VM-Vistamar,
VV-Villa Venecia.

One gated community, Villa Venecia, was sampled. This neighborhood was
physically close to Vistamar leading to the two sites having varied SEF but similar
surrounding habitat. Torrecilla was unique in its proximity to mangrove forests and
saltwater habitats. Cataño and Martin Peña were characterized by closely placed housing
and semi-frequent flooding from canals within the communities. El Comendante and
Puerto Nuevo were unique based on their proximity to a large, forested park.
8

2.2.2 Human and landscape variables
The heterogeneity of the neighborhoods was quantified by taking human and
landscape variables into account. Median household income, population density, collegelevel educational attainment, unemployment, health insurance coverage, and percentage
of households below the poverty line were used as human variables (i.e., SEF) and were
based on U.S. Census data (2010) (Table 2.1). Median household income and educational
attainment were chosen based on their use in previous studies (Little et. al., 2017;
Dowling et. al., 2013). Park size and amount of litter/trash were used as they have been
shown to effect mosquito abundance or diversity elsewhere (Medeiros-Sousa et. al.,
2017; Little et. al., 2017). Additionally, distance to the nearest water body seems to affect
community composition (Zittra et. al., 2017). Water body presence was included due to
its role as mosquito habitat and as a proxy for likelihood of flooding. Foot surveys (n =
103) were conducted along 50 m transects to assess levels of abandonment, type of
spaces (e.g., water body, park), and incidence of litter.
2.2.3 Mosquito sampling
Sampling took place during October 2018, January 2019, and May 2019. Adult
Ae. aegypti were collected using BG Sentinel 2 traps (Biogents, Regensburg, Germany)
baited with scented BG lures (Biogents, Regensburg, Germany) set for 48 hrs. These
traps are designed to attract anthropophilic mosquitoes, especially host seeking females.
During each sampling event, six traps per neighborhood (n = 144) were placed within
residences which were chosen based on willingness and availability of residents to
participate. Traps were placed in residences at least 200 m apart from one another.
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CDC light traps (Bioquip, Rancho Dominguez, CA) baited with CO2 were used in
tandem with BG Sentinel 2 traps in four residences per neighborhood (n = 96). These
traps were used to sample the wider mosquito community as they are designed to attract
any insect that cues on light. At residences with both trap types, traps were placed at least
10 m apart to avoid competition between traps. Small coolers (Igloo thermos, ½ gal.)
filled with dry ice were placed next to light traps with a plastic tube directing the released
CO2 towards the entrance of the trap. The addition of CO2 would increase the likelihood
of attracting host-seeking female mosquitoes. Light traps were hung around shoulder
height and left for 48 hrs. Mosquitoes from traps were frozen at -20° C and later
identified to species using The Mosquitoes of Puerto Rico (Tulloch, 1937) and Key to the
Mosquito Genera of Puerto Rico (Barrera, unpublished) based on morphological
characters. Both females and males were included in all analyses.
Table 2.2 Species found during three sampling periods
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Species

Abundance
(576 trap days)
1,514
1
13
45
1
12
2
1
16
14
14
107
93
10,591
1
6
3
38
1
2
14,506

Aedes aegypti
Ae. medioviatattus
Ae. taeniorhynchus
Ae. tortillis
Anopheles albuminus
An. grabhamii
An. vestitpennis
Culex antillummagnorum
Cx. atratus
Cx. erraticus
Cx. iolambdis
Cx. nigripalpus
Cx. peccator
Cx. quinquefasciatus
Cx. Sardinerae
Cx. Taeniopus
Deinocerites atlanticus
De. barretoi
Toxorynchites species
Uranotaenia. lowii
Total

Abundance of female and male mosquitoes caught using lured BG Sentinel traps and CO 2 baited CDC light traps in October 2018,
January 2019, and May 2019. Total includes damaged and unidentifiable mosquitoes that are not listed in the table.

2.2.4 Statistical analysis
Sampling effort was assessed by comparing the collected species accumulation
curve from samples to a species accumulation curve through rarefaction with 10,000
permutations. The alpha, or site, diversity of the mosquito communities was analyzed
using species richness (S), defined as the number of mosquito species found, evenness
(J), and the Shannon-Wiener diversity index (H’). The Shannon-Wiener index is an
information theory index that assumes samples are taken from an infinitely large
11

population and that all species are represented in a sample (Magurran, 1988). It is
calculated using the following equation:
𝐻 ′ = − ∑ 𝑝𝑖 ln 𝑝𝑖

where 𝑝𝑖 is the proportional abundance of a given species (Magurran, 1988). Evenness is
a constrained ratio between 0.0 and 1.0 with a value of 1.0 indicating a sample in which
all species are equally abundant. It is calculated using the following equation:
𝐽 = 𝐻′⁄ln 𝑆
where H’ is the Shannon diversity index for that sample and S is the species richness.
These indices were chosen due to their common use in ecology for analyzing patterns in
biodiversity and were calculated at the neighborhood level (i.e., all species summed
across all traps).
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Figure 2.2 Species accumulation curves
a) Species accumulation curve from collected samples b) Species accumulation curve using rarefaction
(permutations = 10,000)

Species richness data did not meet the assumptions of normality and was therefore
analyzed using a Kruskal-Wallis Rank Sum test using data combined from BG Sentinel
traps, CDC light traps, and containers to make a comparison among neighborhoods. A
13

Dunn test was used to assess differences among communities found using the KruskalWallis test (Dunn, 1961). Shannon diversity, evenness, and overall abundance was
assessed using a permutational multivariate analysis of variance (perMANOVA) due to
the assumption of normality not being met. The perMANOVA test is a permutational
version of a classical multivariate analysis of variance (MANOVA) and tests the null
hypothesis that “the centroids of all groups are equivalent” (Anderson & Walsh, 2013).
A Bray-Curtis dissimilarity matrix and 10,000 permutations were used to carry out this
analysis with data collected from combined BG Sentinel and CDC light traps. Individual
Kruskal-Wallis tests were run on the three factors to determine their contribution to the
results. Given that multiple tests were run on the data, a Bonferroni correction was used
to adjust the α for this set of tests to 0.0125 (i.e., 0.05/3 = 0.0125). However, given the
controversy of using such diversity indices (Strong, 2016), a multivariate approach to
analyze beta diversity via community composition was also used. An analysis of
similarities (ANOSIM) using a Bray-Curtis dissimilarity matrix with 10,000 permutations
was conducted. This analysis tests the null hypothesis of no differences between sites by
running a permutative analogue of a one-way Analysis of Variance using a rank
similarity matrix (Clarke, 1993).
Aedes aegypti abundance did not meet the assumption of normality, consequently
two Kruskal-Wallis tests were used to compare abundance among neighborhoods and
sampling dates. A Dunn test was then used to determine which neighborhoods varied
significantly from the others. The diversity measures (S, J, H’) were related to Ae. aegypti
abundance using multiple linear regression.
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Figure 2.3 Mosquito species richness
Plot of means ± 2 standard errors. Kruskal-Wallis Rank Sum test (H=28.69, df = 7, p<0.001). Sites are arranged along the SEF
gradient with the highest on the left-hand side. CM-El Comendante, CA-Cataño, MP-Martin Peña, PN-Puerto Nuevo, RP-Río Piedras,
TO-Torrecilla, VM-Vistamar, VV-Villa Venecia.

Landscape heterogeneity was analyzed using a Principle Component Analysis
(PCA) incorporating the landscape and human metrics: median household income,
population density, educational attainment, employment levels, health insurance
coverage, percentage of households below the poverty line, level of home abandonment,
incidence of litter, and number of parks and water bodies. Data was standardized by
subtracting the mean and dividing by the standard deviation to account for the high range
in degrees of magnitude. A single link agglomerative cluster analysis was used to place
the neighborhoods in groups along a gradient of SEF. Agglomerative cluster analyses
15

produce larger and larger clusters from discontinuous data until all objects are placed into
a single, all-inclusive group (Borcard, Gillet, & Legendre, 2011). When run with a single
linkage method, this can lead to inefficient groups, but it still can place groups along a
clear gradient (Borcard, Gillet, & Legendre, 2011). The Calinski-Harabasz metric is a
validation method that shows the quality of a cluster analysis sum of squares between and
within clusters (Unlu & Xanthopoulos, 2019) and was used to determine the ideal number
of groups. Cluster groups and PCA axes were used as proxies for drawing conclusions
about the urban landscape’s heterogeneity. This heterogeneity was then related to
diversity measures using a linear model with PCA axes that had an eigen value ≥ 1 as
independent variables.
A hierarchical agglomerative clustering method was also used to place the
neighborhoods along a gradient of SEF and assess the heterogeneity of these factors in
the San Juan area. The Calinski-Harabasz metric was used to place the neighborhoods
into groups of SEF. Lastly, a Canonical Correspondence Analysis (CCA) was used to
relate the five most common mosquito species, the neighborhoods, and the SEF. Multiple
CCA models were run and the best fit was chosen by comparing variance inflation factors
(VIF). VIF are a measure of the proportion by which variance of a regression coefficient
is inflated by the presence of other variables and are used to change models to reduce the
effect of collinearity (Borcard, Gillet, & Legendre, 2011). All analyses were run in R
studio (version 1.1.414).
2.3 Results
I collected 14,506 mosquitoes over three sampling periods (Table 2.2). Culex
quinquefasciatus (n = 10,591, 73.0%) was the most abundant species followed by Ae.
16

aegypti (n = 1,514, 10.4%). Twenty species were collected in total, with species in the
genera Aedes and Culex being the most common (Table 2.2). Sampling effort was
assessed using a rarefied species accumulation curve (Fig. 2.2), that showed richness
starting to level off at 120 samples indicating that my sampling effort was robust but still
may have missed rare species. Species richness varied significantly among
neighborhoods (H = 28.69, df = 7, p < 0.001) (Fig. 2.3). Torrecilla and Cataño had the
highest species richness, with the lowest species richness in Martín Peña, Puerto Nuevo,
Río Piedras, Villa Venecia, and El Comendante, with Vistamar intermediate to these
groups.
Table 2.3 PCA loadings
Variable
Abandoned homes
Park presence
Water
Litter
Human population
density
Unemployment
College Education
% below poverty
No health insurance
Income

PC 1
0.300
0.176
0.271
0.370
0.233

PC 2
-0.298
0.640
0.193
0.312
-0.492

PC 3
0.413
-0.096
0.504
0.074
-0.121

0.274
-0.424
0.424
0.258
-0.336

0.174
0.148
-0.063
-0.247
-0.089

-0.492
-0.089
0.101
-0.506
0.174

PCA loadings for social and environmental factors for axes 1-3

The perMANOVA showed significant differences in mosquito abundance,
Shannon diversity, and evenness among neighborhoods (F7,113 = 6.26, p < 0.001).
Kruskal-Wallis tests on each factor revealed that abundance was the only factor
significantly contributing to the outcome (H = 47.57, df = 7, p < 0.001). Shannon
diversity (H = 12.45, df = 7, p = 0.086) and evenness (H = 8.39, df = 7, p = 0.300) did not
contribute significantly to the results of the perMANOVA. The multivariate analysis also
17

demonstrated differences in diversity among neighborhoods with the results of the
ANOSIM test showing that community composition varied significantly based on
a)

b)

Figure 2.4 Principle Component Analysis and Shannon-Wiener Index
a) First two axes of Principle Component Analysis on socio-economic and environmental variables. CM-El Comendante, CA-Cataño,
MP-Martin Peña, PN-Puerto Nuevo, RP-Río Piedras, TO-Torrecilla, VM-Vistamar, VV-Villa Venecia. b) Linear regression of
mosquito Shannon-Weiner index with PCA 2. R2 = 0.56

neighborhood (R = 0.153, p < 0.001), i.e., that there was more variation between
neighborhood groups than within neighborhood groups.
18

Aedes aegypti abundance varied significantly by neighborhood (H = 24.82, df = 7,
p < 0.001) but not by time of year (H = 3.91, df = 2, p = 0.141). Cataño, Torecilla, and
Martín Peña had the most Ae. aegypti whereas Río Piedras and Villa Venecia had the
fewest; other sites were intermediate. Shannon diversity, evenness, and species richness
did not show a significant relationship to Ae. aegypti abundance (F3,4 = 1.12, p = 0.438,
R² = 0.051). Torrecilla and Cataño both had the highest species richness and the highest
Ae. aegypti abundance, whereas, Rio Piedras and Villa Venecia had the lowest values for
both measures.

Figure 2.5 Socio-environmental gradient dendrogram
Dendrogram placing sites into five groups along a gradient of socio-economic and environmental factors. Groups were determined by
the Calinski-Harabasz metric. CM-El Comendante, CA-Cataño, MP-Martin Peña, PN-Puerto Nuevo, RP-Río Piedras, TO-Torrecilla,
VM-Vistamar, VV-Villa Venecia.

Results from the PCA showed that the neighborhoods sampled represented the
heterogeneity of the San Juan area socioeconomic and environmental landscape (Fig.
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2.4). The first three axes were included in further linear regression analyses as they all
had eigen values of ≥ 1. Together these axes explained 86.4% of the variance present in
the landscape. Shannon diversity was positively related to axis 2 (t = 3.29, p = 0.030, R²
= 0.56) (Fig. 2.4) in a multiple regression analysis with axes 1-3 (F3,4= 3.92, p = 0.11),
indicating that high Shannon diversity was related to park presence, amount of litter, and
low human population density (Table 2.3). Evenness showed similar results with a
positive relationship to PC 2 (t = 3.15, p = 0.034), though the overall model was not
significant (F3,4 = 3.52, p = 0.13, R² = 0.52). Richness showed no relationship to any axes
(F3,4 = 0.73, p = 0.59, R² = -0.13). The low agglomerative coefficient of the cluster
analysis (0.314) showed inefficient groupings, again indicating heterogeneity among the
neighborhoods sampled. Neighborhoods were placed into five groups by the CalinskiHarabasz metric. However, the groupings do place the neighborhoods on a gradient of the
socio-economic and environmental factors being considered which will be helpful for
interpreting results (Fig. 2.5).
The CCA model including abandonment, human density, unemployment, litter,
and income was the best fit and explained 43.5% of the variance present in the mosquito
community. Aedes aegypti presence was positively related to income and the presence of
litter and negatively related to human population density and abandonment (Fig. 2.6).
Torrecilla and Cataño were the only neighborhoods positively associated with axis 1,
indicating their positive relationship to human population density and home abandonment
(Fig. 2.6).
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Figure 2.6 Canonical Correspondence Analysis
The shown socio-environmental variables explain 43.5% of the variance in the mosquito community. E- Ae. aegypti, T- Ae. tortillis,
N- Cx. nigripalpus, P – Cx. peccator, Q- Cx. quinquefasciatus. CM-El Comendante, CA-Cataño, MP-Martin Peña, PN-Puerto Nuevo,
RP-Río Piedras, TO-Torrecilla, VM-Vistamar, VV-Villa Venecia.

2.4 Discussion
My study focused on mosquito communities in urban environments with a more
in-depth look at the species Ae. aegypti, the primary arbovirus disease vector in Puerto
Rico. I hypothesized that diversity measures would vary across neighborhoods because of
differences in environmental and social factors, and that the combination of all three
factors would be correlated with the abundance of Ae. aegypti. This hypothesis was
supported as mosquito species richness and community structure were shown to vary
across the heterogenous environment of the San Juan Metropolitan area. Socioeconomic
and environmental factors explained some of this variation among neighborhoods. This is
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the first such study to be conducted in San Juan examining how SEF affect abundance
and communities of mosquitoes.
I found that mosquito community diversity varied with the SES of a
neighborhood. Half of the neighborhoods in this study fell into the middle SES category,
a group that was characterized with higher educational attainment and income (e.g., Río
Piedras). This group was generally associated with lower mosquito species richness.
Conversely, the neighborhoods lowest along the SEF gradient (e.g. Cataño) showed the
highest mosquito species richness and were distinguished by high human population
density, the presence of abandoned houses, and residents without health insurance. Many
studies have been conducted on mosquito species of medical importance and their
relationship to human population density, however, the relationship between mosquito
diversity and population density is less-well explored. Two studies showed a decrease in
mosquito diversity when moving from rural to urban areas (Johnson et. al., 2014;
Ferraguti et. al., 2016). However, one study (Ferraguti et. al., 2016) showed a decrease in
mosquito species richness with increasing human population density. These results are
different than my own, though both studies were conducted at a larger scale moving from
natural to urban areas whereas mine investigated population density within an urban-only
context. Abandoned building presence has been shown to predict both larvae habitat
availability and the abundance of adult mosquitoes in urban areas (Little et. al., 2017),
and abandoned houses may provide habitat to a wider variety of mosquitoes due to a
likelihood of having more microhabitats created by overgrown vegetation. A link
between health insurance coverage and mosquito diversity has not been investigated,
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though here it may only be an indicator of an area of low SES, a factor that we link here
to high mosquito diversity.
When looking at the scale of neighborhoods within the San Juan area, my sites
can be seen as heterogenous in terms of socioeconomics and geography. Although finer
spatial scales are likely to play an important role in mosquito distributions, environmental
parameters at a larger scale, such as geography and land cover type, affect species
richness and the structure of mosquito communities (Zittra et. al., 2017; Claflin & Webb,
2017). Additionally, heterogeneity measured on a larger scale (km) has been shown to
influence mosquito species richness in urban areas (Chaves et. al., 2011). A rural study
found that a finer scale, 10 to 100 m, is important for determining distributions of hostseeking mosquitoes who generally stay within that range for habitat purposes (Reiskind
et. al., 2017). My study indicated neighborhood scale (km) variables explain some of the
variance in mosquito community diversity, such as Shannon diversity and evenness, in
San Juan, Puerto Rico. For example, Shannon diversity was affected at the km scale (park
presence) and the m scale (litter presence). This supports the idea that both neighborhood
level variables and microhabitat variables are important in explaining the diversity of
mosquitoes in urban environments.
Villa Venecia and Río Piedras, the two highest neighborhoods along the SEF
gradient, had the lowest Ae. aegypti abundance. In turn, Cataño, Martin Peña, and
Torrecilla, the three neighborhoods on the low end of the SEF gradient had the highest
Ae. aegypti abundance. These patterns led me to conclude that SES shows an inverse
relationship with Ae. aegypti abundance. This relationship is consistent with other studies
focusing on a related species, Ae. albopictus (Little et. al., 2017) and malaria vectors in
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the Anopheles genus (Keating et. al., 2003). Aedes aegypti presence was most closely
related to amount of litter and median household income of a neighborhood. It may seem
surprising that Ae. aegypti presence was negatively related to human population density,
however, the species has been linked to high housing density as opposed to population
density itself (Cox et. al., 2007). A study in Buenos Aires drew similar conclusions with
Ae. aegypti oviposition, with it being more closely associated with high housing density
(i.e., less urbanized areas) than high apartment density or high human population density
(i.e., more urbanized sites) (Carbajo et.al., 2006). Differing levels of resting sites,
oviposition sites, blood sources, and nectar available at different levels of housing
densities may explain this relationship (Carbajo et. al., 2006).
The differential distribution of Ae. aegypti in San Juan could lead to a variable
distribution of the arboviruses it vectors and therefore human health risk, especially in
neighborhoods like Cataño, Torecillo, and Martín Peña, where I found the most Ae.
aegypti. Dengue incidence in Puerto Rico has been positively correlated with female Ae.
aegypti abundance (Barrera et. al., 2011), which suggests that dengue infection risk may
vary with SES in San Juan alongside Ae. aegypti abundance. A knowledge gap in
mosquito control has been reported between high and low SES residents (Dowling et. al.,
2013; Syed et. al., 2010), another factor that could heighten inequalities in human disease
risk in the area. Whether differences in Ae. aegypti populations and mosquito control
knowledge correlate to higher arbovirus infection in humans warrants further study.
My results concluded that Aedes aegypti abundance showed no relationship to
overall mosquito diversity. These results are inconsistent with other studies of mosquito
vector abundance and diversity measures. A study in Chicago, Illinois found that Culex
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pipiens was negatively related to mosquito species richness and the Shannon-Weiner
index (Chaves et. al., 2011). Thongsripong et. al. (2013) also found an inverse
relationship between vector species (i.e., Ae. aegypti and Cx. quinquefasciatus) and
diversity in urban areas in Thailand. A similar pattern may be exhibited by Ae. aegypti in
San Juan but was not detected in this study due to a relatively small dataset. Chaves et. al.
(2011) propose mechanisms of this relationship that are specific to Cx. pipiens biology,
indicating that their results may not be in accordance with other species. The authors of
the Thailand study propose a number of mechanisms, such as competition between Ae.
aegypti and Ae. albopictus and pesticide resistance (Thongsripong et. al., 2013), that
could explain that relationship between vector species abundance and mosquito diversity.
Given that Ae. albopictus are not present in Puerto Rico, the pattern may not exist with
Ae. aegypti in San Juan due to differing dynamics. Moreover, islands are recognized to
have lower species richness than mainland communities (Kier et. al., 2009), which could
explain why the results of my study differ from other non-island studies.
Other variables that may have influenced patterns for Ae. aegypti were left out of
this study due to issues with data availability. Precipitation and temperature, which have
been positively linked with Ae. aegypti abundance in Puerto Rico (Barrera et. al., 2011),
were not taken into account as the only publicly available weather data is collected at one
location, the Muñoz-Marin International Airport. Given the scale of my study (i.e.,
neighborhood level), city level weather data would not allow a comparison among
neighborhoods. Land cover was also left out of the analysis due to the lack of availability
of landscape cover data post-Hurricane Maria. Using pre-Hurricane Maria data was
deemed inappropriate given the severity of landscape change Hurricane Maria inflicted
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on the island. Thus, it remains possible that other factors not measured here influenced
the distribution of Ae. aegypti and mosquito biodiversity, in general, in San Juan.
In conclusion, SES is linked to both Ae. aegypti abundance and mosquito
biodiversity in the urban landscape of San Juan. However, Ae. aegypti abundance shows
no relationship to mosquito biodiversity measures. This study indicates that
neighborhoods of low SES should be a target for mosquito control in this city with a
focus placed on populations breeding in trash containers. For similar studies in the future,
a survey of the mosquito knowledge and control practices of the residents would be
beneficial to add to the analyses and would give more insight for control purposes.
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CHAPTER III The virome of Aedes aegypti females in San Juan, Puerto Rico
3.1 Introduction
Insect-specific viruses (ISVs) are a class of viruses that infect only invertebrate
hosts. ISVs belong in up to eleven virus families with the majority of those described
belonging to Flaviviridae (Bolling et. al., 2015). Studies indicate that many ISVs remain
to be isolated (Zakrzewski et. al., 2018; Xia et. al., 2018) and that community
composition of ISVs within a mosquito population varies based on geographical location
(Frey et al., 2016) and among species (Xia et. al., 2018). Furthermore, arthropod viruses
have been hypothesized to have played a large role in the evolution of plant and
vertebrate viruses (Li et. al., 2015).
As a relatively new field of study, there is little information on how specific ISVs
interact with arboviruses and existing evidence remains sometimes inconclusive. For
example, Culex flavivirus has been shown in different studies to both positively and
negatively affect West Nile Virus infection in Culex mosquitoes (Bolling et. al., 2012;
Newman et. al., 2011). Additionally, an ISV, Ae. albopictus densovirus, has been shown
to interact with dengue virus infection to create different levels of severity over the
course of infection in mosquito cell lines (Burivong et. al., 2004). Given this evidence,
ISVs show the potential to yield tools in the control of arboviruses in mosquito
populations.
The goal of this chapter is to examine the virome structure of wild-caught Ae.
aegypti females from San Juan, Puerto Rico. In particular, I wanted to investigate
differences in virome structure based on socio-economic factors (SEF) and seasonality. I
hypothesized that virota diversity and community composition will vary based on SEF
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given that other taxa vary based on SEF in urban environments (Chapter 2; Hope et. al.,
2003; Kinzig et. al., 2005). This will be the first study of its kind to my knowledge. I also
hypothesized that diversity will change with seasonality because of differences in Ae.
aegypti abundance based on precipitation (Barrera et. al., 2011) and a positive link
between number of viral reads and mosquito vector abundance (Ochieing et. al., 2013).
3.2 Materials & methods
Female Ae. aegypti were collected in San Juan, Puerto Rico in the months of
October 2018 and January and May 2019 using BG Sentinel 2 traps (Biogents,
Regensburg, Germany) baited with scented BG lures (Biogents, Regensburg, Germany).
Whole animals preserved in RNAlater (Invritogen, Thermo Fisher Scientific) at -80°C for
viral analysis. RNA was extracted from the females with the RNAesy MinElute Kit on
homogenized body tissue and purified using the RNase-Free DNase Set. RNA
concentration and purity were measured using a Thermo Scientific™ NanoDrop™ One
Microvolume UV-Vis Spectrophotometer.
Library preparation and sequencing were done by Quick Biology (Pasadena, CA)
using RiboErase kit and next generation Illumina – HiSeq 3000/4000 – PE 150 Cycle
with paired-end reads. Reads were mapped onto the Ae. aegypti genome mapped by
Nene et. al. (2007) for reference. Unaligned viral reads were identified using Kraken2 for
the assignment of the reads to virus species. Kraken2 uses an internal k-mer to LCA
(lowest common ancestor) mapping algorithm to classify sequence reads against userdefined genome databases. The LCA algorithm generated a taxonomic classification tree,
assigning sequence reads to the appropriate taxonomic level. Taxonomic assignments
with a relative abundance of over 0.01% were included in further analysis. Virome
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structure was compared by neighborhood and season (rainy vs. dry) using ANOSIM
using a Bray-Curtis dissimilarity matrix and 10,000 permutations and hierarchical
agglomerative cluster analyses.
3.3 Results
Next generation sequencing was conducted on RNA extracted from 10 individual
female Ae. aegypti resulting in 1,612,711 viral reads. A total of 723 viruses were
identified using Kraken2, however only the 15 viruses with a relative abundance of >
0.01% were included in analysis. Eleven virus families were found in my samples and
one virus that has yet to be classified to a family (Wenzhou sobemo-like virus 4). The
most abundant virus families (in decreasing abundance) were Phenuiviridae,
Baculoviridae, Flaviviridae, and Birnaviridae. Phasi Charoen-like phasivirus was the
most abundant virus (83.53%) followed by Wenzhou sobemo-like virus 4 (10.23%). Nine
of the fifteen viruses were insect-specific viruses, which made up 99.44% of the total
viral reads. Other hosts included shrimp, treeshrews, bacteria, microalga, and protozoa
(Table 3.1).
Viral diversity and community composition did not vary among neighborhoods or
seasons. Alpha diversity, measured by the Shannon-Wiener index, showed no difference
between low, mid, and high SES neighborhoods (F(2,7) = 1.005, p = 0.413). Seasonality
also had no effect on Shannon diversity (F(1,8) = 0.036, p = 0.855). No differences in viral
community composition were found by neighborhood (R = -0.097, p = 0.659) or by
season (R = -0.171, p = 0.883) indicating that composition is more similar among groups
than within groups. The cluster analysis showed no distinguishable pattern for either
variable.
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Table 3.1 List of viruses found in Ae. aegypti in San Juan, PR
Classification

Virus or nearest match

Host or Isolate
of
Insects

Phenuiviridae

Phasi Charoen-like phasivirus

Not classified

Wenzhou sobemo-like virus 4

Baculoviridae

Choristoneura fumiferana granulo
-virus

Flaviviridae

Cell fusing agent virus

Birnaviridae

Espirito Santo virus

Not classified

Relative
abundance (%)
83.53

Number of
reads
1347,017

10.32

166,473

1.60

25,823

1.56

25,152

1.01

16,355

Hubei mosquito virus 2

Mosquitoes (Shi
et. al., 2017)
Spruce budworm
(Rashidan et. al.,
2003)
Yellow fever
mosquito (Cook
et. al., 2006)
Asian tiger
mosquito
(Vancini et. al,
2011)
Mosquitoes

0.72

11,582

Podoviridae

Proteus phage VB PmiS-Isfahan

Proteus bacteria

0.42

6,820

Nimaviridae

White spot syndrome virus

0.38

6,146

Herpesviridae

Tupaiid betaherpesvirus 1

Shrimp (Van
Hulten et al.,
2001)
Treeshrew

0.04

642

Phycodnaviridae

Chrysochromulina ericina virus

0.02

402

Baculoviridae

Plodia interpunctella granulovirus

0.02

351

Polydnaviridae

Cotesia congregata bracovirus

0.02

304

Pandoravirus

Pandoravirus neocaledonia

0.01

217

Pandoravirus

Pandoravirus salinus

0.01

204

Nudiviridae

Esparto virus

Microalga
(Gallot-Lavallee
et. al., 2017)
Indian meal
moth (Harrison
et. al., 2016)
Parasitoid wasp
(Chevingon et.
al., 2014)
Brackish water
(Legendre et. al.,
2018)
Ameoba (Sun et.
al., 2015)
Vinegar flies
(Palmer et. al.,
2018)

0.01

168

List of viruses found in 10 female Ae. aegypti from San Juan, Puerto Rico. Virus family, nearest match to species level, common host
or source of initial isolation, relative abundance, and number of total reads are included.

3.4 Discussion
I present here a survey of the viral community structure of 10 female Ae. aegypti
from San Juan, Puerto Rico. A total of 15 viruses were found with a relative abundance
of ≥ 0.01% from 11 virus families. The vast majority (>99%) of viral reads were from
ISVs. In addition to the observational nature of this study, I compared viral diversity and
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community composition across SEF and seasons. I hypothesized that both alpha and beta
diversity would vary with SEF given that diversity of plants, invertebrates, and
vertebrates have been shown to vary with SEF across an urban environment (Chapter 2;
Hope et. al., 2003; Kinzig et. al., 2005). I also hypothesized that diversity would change
with seasonality because of higher Ae. aegypti abundance in the wet season in Puerto
Rico (Barrera et. al., 2011) may lead to a higher virus load given that arbovirus load has
been positively correlated with mosquito vector abundance (Ochieing et. al., 2013).
However, no patterns were found in either alpha or beta diversity of viruses based
on SEF. To my knowledge this is the first study to investigate if SEF affect mosquito
virome structure and no literature is available on how the ecology of the mosquito
environment may affect the composition of its virome. Given the more complex life cycle
of these viruses, that is, the fact they rely on hosts for reproduction, the dynamics of their
abundance and diversity may not follow patterns established by free-living plants and
animals. Other factors not affecting free-living organisms, such as host immune response,
alter the population dynamics of viruses within their hosts (Poirier & Vignuzzi, 2017).
Additionally, shorter generation times and higher mutations rates cause virus diversity to
change considerably in space and time (Poirier & Vignuzzi, 2017). The ecology of the
host, in this case mosquitoes, has not been studied in enough depth to understand the role
it may play in viral diversity.
Additionally, there was no relationship between alpha or beta diversity based on
seasonality. This result is consistent with another study done on Ae. aegypti which found
the core virome composition was stable across sites and years within a given population
(Shi et. al., 2019). Given our results, we can hypothesize that due to the closeness of my
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sites, my samples were taken from a single population. Moreover, the same study showed
high levels of eukaryotic viruses in Ae. aegypti populations (Shi et. al., 2019), results
consistent to my own. Additionally, our results are consistent with another Puerto Rican
study that found that Phasi Chareon-like virus dominated the virome of Ae. aegypti (Frey
et. al., 2016).
No major arboviruses were found in my samples. As a relatively new field, there
is little information available on how or if certain ISVs interact with arboviruses within a
mosquito’s body. It is clear that ISVs need to be further analyzed to draw sound
conclusions that may be helpful to managing the spread of disease. Most of the current
research is unclear on such interactions. For example, Culex flavivirus has been shown to
both positively (Bolling et al, 2012) and negatively (Newman et. al., 2011) affect West
Nile Virus infection in Culex mosquitoes. Given the potential of ISVs to be used as
biological management tools as well as be used to create vaccines and diagnostic
technique for arboviruses (Bolling et. al., 2015) more research is needed in this area.
Specifically, more characterization of ISVs is needed as well as studies on how ISVs
interact with arboviruses of medical importance within a mosquito’s body.
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CHAPTER IV Conclusions
A relationship exists between Ae. aegypti abundance and SEF in San Juan, Puerto Rico.
Abundance is higher in areas of low SES and lower in areas of mid and high SES. This
could be due to Ae. aegypti positive association with litter, which serves as oviposition
habitat, that is more abundant in low SES neighborhoods. Additionally, mosquito species
richness and community composition varied with SEF in San Juan with lower SES
neighborhoods having higher richness; Aedes aegypti abundance showed no direct
relationship to alpha diversity measures. My results indicate that control efforts should be
concentrated in areas of low SES to most effectively control the Ae. aegypti population in
San Juan.
The virome of Ae. aegypti in San Juan is dominated by ISVs, with Phasi Chareonlike virus and Wenzhou sobemo-like virus 4 being the most abundant. There was no
relationship between SEF or seasonality and virome structure. More study is needed on
ISVs and if they interact with arboviruses within Ae. aegypti.
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